Halloysite nanotubes (HNTs) were utilized to prepare polypropylene (PP) nanocomposites by simple melt-compounding approach. Compared with other silicates such as montmorillonite and kaolinite, HNTs show much better dispersion property. The PP nanocomposites with HNTs exhibit concurrence increase in tensile and flexural strength, flexural modulus and impact toughness. Surface modification of HNTs lends the PP nanocomposites higher strength, modulus and lower toughness. The increase in mechanical properties is correlated with the well dispersion of the high aspect ratio HNTs and the orientation of HNTs in PP matrix. Morphology studies show that HNTs can be dispersed in PP uniformly at lower HNTs loading and excessive loading of HNTs causes a little aggregation. Surface modification of HNTs can alleviate the aggregation effectively. The storage modulus of the nanocomposites increases consistently with the HNTs concentration. The surface modification is beneficial to the further improvement in storage modulus. Similar to other silicates, HNTs facilitate the crystallization of PP due to the heterogeneous nucleation.
Introduction
On the basis of their reinforceability, flame retardancy, thermal stability, reduced cost etc., numerous inorganics and carbonous materials such as carbon nanotubes (CNTs) have been disclosed to form polymer composites. [1] [2] [3] [4] However, it is well acknowledged that the discrepancy of polarity between the polymer matrices and the fillers is a major obstacle to the improvements in properties of the filled composites. [5, 6] For example, so far, few of the layered clay reinforced polymer composites has been commercialized due to the unsatisfactory dispersion of the clay such as montmorillonite although numerous studies had been conducted on the polymer/clay composites [7, 8] . For the nonpolar polyolefins, the dispersion of the inorganics seems more challengeable. Consequently, easily dispersed inorganics in polymer matrix, especially for polyolefins, are still highly desirable.
Generally, inorganics with high aspect ratio have preferable reinforcing effects than particulate inorganics [9, 10] . For this reason, glass fiber have been widely used as a reinforcing material for many polymers. The incorporation of glass fiber in polymer matrix will, however, reduce the melt flow rate sharply and consequently gives rise to processing problems [11, 12] . Recently, CNTs with high respect ratio and specific high strength and modulus have been introduced into polymers for reinforcing, flame retardancy and other purposes [13] [14] [15] [16] . Although composites incorporated with CNTs, as reported, exhibit excellent mechanical properties, flame retardant effects and thermal stability, the high cost of such composites is not acceptable in many applications.
Halloysite nanotubes (HNTs) are a kind of natural occurring silicates with typically nanotubular and high aspect ratio structures [17] [18] [19] [20] [21] [22] [23] [24] . The principal interactions among the nanotubes are hydrogen bonds and van der Waals' forces, which lend HNTs their easy dispersion in polymer matrices. Recently, more and more studies have been focused on the application of HNTs in polymer area. Last year, NaturalNano Incorporation announced a pilot-scale production of polypropylene with 5-13% of functionalized HNTs. In the present work, pristine HNTs and silane treated HNTs were utilized to prepared PP/HNTs nanocomposites. It is expected that the dispersion property and high aspect ratio are advantageous compared with other widely used silicates such as montmorillonite and kaolinte. The dispersion property of HNTs and the morphology and mechanical properties of the nanocomposites were investigated.
Results and Discussion

Dispersion property of HNTs
As discussed previously, the aggregation of fillers in polymer matrix will dramatically deteriorate the mechanical performance and other properties of the polymer nanocomposites. Most of the silicates, such as montmorillonite and kaolinite, are ready to aggregate to form aggregations due to strong primary interactions between the interlayers. HNTs are expected to have better dispersion in polymer due to the much weaker secondary interactions among the nanotubes. Fig . 1 shows the comparison of particle size distribution of HNTs, montmorillonite and kaolinite in water under same dispersion condition. It can be clearly seen that, under same dispersion condition, HNTs exhibit unimodal particle size distribution, however, it exhibits bimodal or multiple peaked particle size distribution for kaolinite or montmorillonite respectively. The particle size distribution curve of HNTs shows that the average particle diameter covers 80-300 nm. As shown in Fig. 2 and Fig. 3 , HNTs possess tubular structure, with the diameter and length of about 40-50 nm and 500-1000 nm respectively. As the particle size obtained is the average particle size of HNTs under the laser scattering in which the sample is treated as spherical particles, it can be concluded that most of the HNTs were dispersed individually. Fig. 3 shows the TEM photo of HNTs under same dispersion condition. It is further confirmed that the HNTs were dispersed individually in water. As a comparison, the bimodal and multiple peaked particle size distribution of kaolinite and montmorillonite, together with the particle size in micron scale, indicates the pronounced aggregation of kaolinite and montmorillonite. It is believed that the ready dispersibility of HNTs are ascribed to the unique surface chemical property.
The interactions among individual nanotubes are relatively weak secondary forces, rather than the strong primary interactions, such as ionic bonding in montmorillonite and kaolinite [20] . 
Mechanical properties of PP/HNTs nanocomposites
For expandable or intercalative layered silicates such as montmorillonite and kaolinite, their content in the polymer composites usually is not higher than 10 wt.-% as over loading leads to severe aggregation and dramatically deteriorated mechanical properties of the composites. However, as tabulated in Table 1 , PP/HNTs nanocomposites exhibit unique and remarkable mechanical properties even at relatively higher HNTs content. The flexural properties and Young's modulus increase gradually with the increasing of HNTs loading level, exhibiting about 40 % increment in flexural modulus for the nanocomposites containing 30 phr HNTs. Upon incorporation of 30 phr HNTs, the tensile strength and impact strength of the nanocomposites are still improved to some extent and the surface modification of HNTs would further increase the tensile strength. The impact strength of the nanocomposites, however, is decreased to some extent with the surface modification of HNTs. It is to be noted that HNTs is a type of "green" inorganic reinforcing material for polymer. The XRF result is summarized in Table 2 . The result indicates that only trace of heavy metals was detected, which is much lower than standards of the restriction of harmful substances (RoHS) of European Union. As a consequence, it can be concluded that HNTs is a type of "green", unique and promising reinforcing material for polymers.
Apart from the mechanical properties summarized in To reveal the possible mechanism, the tensile samples during different stretching stage were investigated by SEM observation. In the SEM microgaphs shown in Fig 5, the observation direction and stretching direction are vertical. From Fig. 5a one can clearly see that most of the HNTs were well aligned uniformly along the stretching direction, which was ascribed to the flow field induced orientation during the injection molding of the samples. The orientated HNTs serve as the "skeleton" in the PP nanocomposites under stress or fracture energy, and thus, it is reasonably believed the orientated HNTs are partly responsible for the remarkable mechanical performance of the nanocomposites. 
Morphology of PP nanocomposites
The SEM microgaphs of fracture surfaces of PP nanocomposites incorporated with 5 phr HNTs and m-HNTs are shown in Fig. 6a and b respectively. One can clearly find that most of the HNTs exhibit uniform dispersion in PP matrix and little aggregation of HNTs is observed. Moreover, many little cavities are observed in Fig. 6a , while the amount of the cavities reduces evidently in Fig. 6b . It is reasonably believed that the cavities resulted from the pulling out of HNTs when the samples were fractured. After surface modification, however, the adhesion between HNTs and PP matrix were improved substantially and consequently the amount of the cavities in the fracture surface reduced obviously. This can be used to explain the deterioration of toughness of the nanocomposites after surface modification. The process of pulling out of HNTs from PP matrix can release stress and absorb energy, which are beneficial to the improvement of toughness [27] . The surface modification of HNTs results in the good adhesion between HNTs and PP matrix and little HNTs were pulled out from PP matrix, consequently the deterioration of toughness occurred.
With higher loading level of HNTs, as shown in Fig. 6c and d , a certain aggregation of HNTs emerged and, nevertheless, the surface modification of HNTs can alleviate the aggregation effectively. Similarly, the SEM microgaphs also indicate the modification are beneficial to the dispersion of HNTs and improve the interfacial adhesion between HNTs and PP matrix.
The corresponding histogram of each SEM micrograph is also shown in Fig. 6 , which shows the distribution of pixels at each color intensity level. For SEM micrographs of PP/HNTs nanocomposites, HNTs contain details in highlights, however, PP matrix mainly contain details in shadows. Consequently, for the PP nanocomposites with better dispersion of HNTs, the distribution of pixels should shift to the shadow area compared with that of PP nanocomposites with agglomerated HNTs. As a consequence, HNTs possess unique surface chemical property and are easily dispersed uniformly in polymer matrix, which is one of the key factors dominating the remarkable mechanical performance of PP nanocomposites incorporated with HNTs.
Dynamic mechanical properties and crystallization behavior of PP nanocomposites
The dynamic mechanical spectra of PP and the PP/HNTs nanocomposites are shown in Fig. 8 . The storage modulus of PP nanocomposites increases consistently with HNTs loading. In addition, the modification of HNTs leads to the further increase in storage modulus. The nanocomposites containing 30 phr m-HNTs exhibits about 53% increment in storage modulus compared with that of neat PP. Fig. 9 shows the variation of glass transition temperature (T g ) with the incorporation of HNTs and mHNTs. It is evident that the T g of PP/HNTs nanocomposites shifts to lower temperature compared with that of neat PP, on the contrary, the T g of PP/m-HNTs exhibits shift to higher temperature. As discussed previously, though HNTs exhibit well dispersion in PP matrix without any surface modification, the interfacial adhesion between HNTs and PP matrix is rather poor. Consequently, incorporation of HNTs will weaken the entanglement and interaction among PP molecules, facilitating the movement of PP molecule chains and leading to the decrease in T g . However, the surface modification of HNTs achieves much better interfacial adhesion between HNTs and PP matrix, leading to the anchoring of the molecules of PP onto the surface of HNTs. Therefore the mobility of PP molecule chains is constrained and T g of the nanocomposites increases. However, the T g of nanocomposites with larger HNTs content tends to increase. It is believed that the increase of T g is attributed to the aggregation of HNTs, which is not favorable for the movement of PP molecule chains, resulting in the increase of T g . Investigation of effects of HNTs on the MFR also indicate that incorporation of a certain amount of HNTs will decrease MFR and, similarly, larger contents of HNTs will increase MFR [28] , which coincided with the results of T g in this work. To investigate the effects of HNTs loading on the crystallization behavior of PP, DSC studies were performed for neat PP and PP nanocomposites. As shown in Fig. 10 , one can clearly find that, similar to the effects of other silicates reported in literature, the crystallization temperature increases with the incorporation of HNTs due to the heterogeneous nucleation [29] [30] [31] . Moreover, modification of HNTs will further facilitate the crystallization of PP, as the better dispersion of HNTs is beneficial to the heterogeneous nucleation of HNTs. In addition, as shown in Fig. 11 , the polarizing microscope observation also indicates that the HNTs in PP matrix facilitate the crystallization via heterogeneous nucleation, exhibiting the pronounced decrease of crystallite size. 
Preparation of PP nanocomposites
The PP nanocomposites were prepared with a twin-screw extruder. 
Particle Size Distribution
The particle size distribution of HNTs, montmorillonite and kaolinite were measured by a LS 13320 laser particle size analyzer. The samples were dissolved in de-ionized water at diluted solution of about 0.5% and ultrasonified for about 2 hours. Then the samples were analyzed using de-ionized water as dispersion medium.
Mechanical Properties
Shimadzu AG-1, Instron 4465 and Zwick pendulum 5113.300 were used to perform the tensile, flexural and impact testing according to ISO 527: 1993, ISO 178: 1993 and ISO 180: 1993 respectively.
X-ray Fluorescence Spectrometer (XRF)
Chemical compositions of the HNTs were analyzed using an X-ray Fluorescence Spectrometer (PANalytical Axios).
Scanning Electron Microscopy (SEM)
The HNTs powder, the fracture surface of impact samples and the tensile stretching samples were plated with a thin layer of gold before the observations. The SEM observations were then performed using a LEO1530 VP SEM machine.
Transmission Electron Microscopy (TEM)
The HNTs powder was dissolved in de-ionized water at diluted solution of about 0.5% and ultrasonified for about 2 hours. The HNTs solution was dropped onto the surface of the copper grid coated with carbon film and then dried for 1 hour at 80 o C. The specimens of PP/HNTs and PP/m-HNTs nanocomposites were ultramicrotommed into thin pieces of about 100 nanometers in thickness with Leica EM UC6. The TEM observations were done using a Philip CM12 electron transmission microscope machine at an accelerating voltage of 30 kV.
Dynamic Mechanical Analysis (DMA)
A dynamic mechanical analyzer (NETZSCH DMA 242 C) was employed to perform the determinations on the samples of 25×5×0. 
Differential Scanning Calorimetry (DSC)
DSC data was measured by a NETZSCH DSC204 F1 using nitrogen as purging gas. 
Polarizing microscopy observations (POM)
Morphologies of the crystallites of PP and PP nanocomposites were recorded with an Olympus BX41 polarizing microscope.
